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Figure 1: Our hybrid BVH structure combines elements of a two-level BVH and a Mega-BLAS BVH to allow for efficient interactive ray tracing
of complex production scenes, such as this one from "Zootopia 2", with active geometric editing and real-time animation playback. Left:

Visualization of unique bottom-level acceleration structures. Middle: Beauty render. Right: Visualization of unique scene objects.

Abstract

Choosing a bounding volume hierarchy (BVH) structure for acceler-
ating ray tracing applications typically involves trading off between
BVH build/update speed and BVH traversal speed. Two-level BVHs
offer faster build/update speeds but lower traversal performance
and can still have degraded build speed in pathological cases com-
mon to production scenes, while monolithic single-level BVHs pro-
vide ideal traversal performance but suffer from slower worst-case
build speeds. We introduce a hybrid approach that combines the
strengths of both while minimizing their downsides. Our system
places instanced objects into a two-level BVH, while non-instanced
objects are partitioned into three separate monolithic sub-BVHs
based on specific change categories. This allows us to optimally de-
termine when to use reuse, refit, or rebuild operations for maximum
update efficiency. Our approach supports high-performance, inter-
active GPU ray tracing of complex production scenes, maintaining
fluid updates even during real-time animation playback or active
geometry editing by an artist.
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1 BVH Structure and Performance

For any given 3D scene, there is an unbounded number of ways
to construct a BVH over all objects in the scene for the purpose of
accelerating ray intersection tests. The specific structure and topol-
ogy of a BVH significantly impact the performance characteristics
of the BVH. Often, a key tradeoff to consider is optimizing for BVH
construction/update speed versus optimizing for BVH traversal
speed; these two goals can often be in opposition to each other.
Therefore, choosing a particular BVH structure when building a
high-performance interactive renderer requires carefully consider-
ing the needs of the target application and artist workflows.

1.1 Two-Level BVH

One common strategy is to build a bottom-level acceleration struc-
ture (BLAS) for each scene object, then join each BLAS into a single
scene-level instance acceleration structure (IAS) [Parker et al. 2010;
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Wald et al. 2014]. This two-level BVH structure [Wald et al. 2003] is
useful because it is simple, efficient to traverse, and uses relatively
little memory when nested instancing is minimal. This BVH struc-
ture is also fairly efficient to update in response to scene changes;
when a scene object’s geometry changes it is only necessary to
rebuild or refit that BLAS, then refit the scene-level IAS.

However, this two-level structure does not consider the complex-
ity of individual scene objects; if a scene is segmented into a large
number of very low-complexity scene objects, then the two-level
BVH structure may suffer from performance issues due to per-BLAS
overhead. Additionally, while a two-level BVH is typically very effi-
cient to traverse, a significant amount of overlap between BLASes
will result in reduced traversal performance. While this problem
can be ameliorated using techniques such as rebraiding [Benthin
et al. 2017], as we do in our offline production renderer Hyper-
ion [Burley et al. 2018], rebraiding adds additional complexity to
the BVH build and update process, posing further challenges for
interactive applications.

1.2 Mega-BLAS

To address the issues with the two-level BVH structure, one might
consider a drastic change in strategy. We can minimize both the per-
BLAS overhead and the overlapping BLAS ray traversal overhead
simply by merging all scene object geometry into a single scene-
level BLAS. This extreme BVH structure, which for convenience
we call a Mega-BLAS, can be surprisingly efficient to build on the
GPU (such as with the HLBVH family of BVH builders [Garanzha
et al. 2011; Meister et al. 2021; Pantaleoni and Luebke 2010]), and
when a large portion of the scene geometry deforms all at once it
can be very efficient to refit an existing Mega-BLAS. Additionally,
because it does not impose any external structure or overlapping
bounds on the scene geometry, the Mega-BLAS has exceptional ray
traversal performance.

However, there are significant performance tradeoffs when com-
paring Mega-BLAS to the two-level approach. If a single scene
object changes, the two-level approach only requires rebuilding
that object’s BLAS and the scene-level IAS. Under Mega-BLAS,
however, a single change requires rebuilding the entire structure
from scratch [Wald and Havran 2006]. A similar performance dis-
parity exists for operations like adding, removing, transforming,
and deforming scene objects.

Memory footprint is also a significant concern with a Mega-
BLAS. While the two-level BVH structure supports the creation of
many instances of a single scene object with very little memory, the
Mega-BLAS requires the duplication of a scene object’s geometry
for each instance of the scene object. This memory usage quickly
adds up when hundreds, thousands, or more instances are present,
particularly on a memory-constrained GPU. Additionally, a large
amount of temporary memory is required when building a Mega-
BLAS, whereas a much smaller amount can be reused to build many
smaller scene object BLASes. Although this temporary memory
may be freed after the BVH is built, it can significantly increase the
memory high-water mark, which reduces the maximum supported
scene complexity.
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2 Our Hybrid Approach

Disney Animation utilizes an in-house interactive GPU-based ray
tracer for preview rendering in DCC viewports to accelerate various
artist workflows. Our interactive renderer produces a higher quality
result than traditional rasterized viewports, but trades off matching
final frame fidelity in exchange for interactive speed. In particular,
the ability to respond to live scene edits and animation playback in
real-time can dramatically improve artist productivity.

We previously used a three-level BVH, similar to the two-level
BVH structure but with an added intermediate level of IASes to
spatially segment the scene object BLASes. This spatial segmenta-
tion removed the need to refit or rebuild a very large scene-level
IAS on small scene changes. Although this structure had very good
scalability to a huge number of instances, it otherwise maintained
the same update and traversal performance as a two-level BVH.

To improve traversal performance and handle large-scale changes,
we turned to the Mega-BLAS, but we first needed to address its
significant weaknesses in order to make it a practical solution. As a
result, we have designed a hybrid approach combining the strengths
of the two-level and Mega-BLAS approaches while minimizing the
weaknesses of each.

2.1 Memory-Efficient Instancing

The two-level BVH structure is very efficient at representing many
instances with very little memory while maintaining good ray
traversal performance. For this reason, our interactive ray tracer
uses a two-level BVH structure for all scene objects with two or
more instances. All the remaining non-instanced scene objects are
placed into one of a fixed number of Mega-BLASes, and a single in-
stance of each of these Mega-BLASes is added to the scene-level IAS
alongside the individual scene object instances. This hybrid BVH
structure retains low memory utilization for scenes with significant
instancing, but is still able to take advantage of the performance
benefits of Mega-BLASes.

2.2 Change Category Binning

To address the performance issue where a change in a single scene
object triggers a rebuild of a large Mega-BLAS, we partition the non-
instanced scene objects based on their change category. An object’s
change category is typically a strong indicator of which future
changes are likely for the object, and thus what operations may be
necessary to update any BLAS which includes it. In particular, a
BLAS refit is necessary if a scene object’s vertices (and/or similar
non-topological data, such as radii for sphere geometry) or topology
changes. Scene description formats often contain some information
that can be used to infer a change category, but in practice this
information may not be applicable to every workflow, and is often
inaccessible by the renderer. Instead of relying on authored hints,
we partition scene objects into three change categories based on
their change history in the current session:
(1) Fully-Static: The scene object’s geometry has never changed
since creation. This category is the default for new objects.
(2) Dynamic-Vertex: The scene object’s vertices (and/or simi-
lar non-topological data) have changed at some point since
creation. The containing BLAS must be either refit or rebuilt.
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(3) Dynamic-Topology: The scene object’s topology has changed.
The containing BLAS must be rebuilt.

After scene object partitioning, we build one Mega-BLAS per
change category. While a change category shift necessitates a
slow rebuild of both involved Mega-BLASes, this occurs rarely
since change categories typically reliably predict future change
patterns. This grouping limits refits to the Dynamic-Vertex Mega-
BLAS and rebuilds to the Dynamic-Topology Mega-BLAS. We also
use change categories to inform build flags in OptiX [Parker et al.
2010]. The Fully-Static category enables PREFER_FAST_TRACE
and ALLOW_COMPACTION while disabling ALLOW_UPDATE.
Dynamic-Vertex enables all three, whereas Dynamic-Topology dis-
ables all three and instead prioritizes PREFER_FAST_BUILD. These
flags fine-tune the balance between update speed, traversal perfor-
mance, and memory consumption.

Note that the resulting Mega-BLASes are often each approxi-
mately the size of the full scene. As previously discussed, over-
lapping BLASes is known to degrade BVH traversal performance.
Additionally, techniques such as rebraiding [Benthin et al. 2017] are
not applicable to a set of Mega-BLASes. In practice, the improve-
ments to traversal performance from using Mega-BLASes more
than makes up for the penalty for significant overlap between the
fixed set of Mega-BLASes.

3 Results
Office Scene
Two-level | Hybrid (Ours)
frame integration time (ms) 5.73 5.35
frame update time (ms) 46.16 15.45
memory usage (MiB) 99.87 93.31
memory high-water mark (MiB) 99.87 196.51
Can Throw Scene
Two-level | Hybrid (Ours)
frame integration time (ms) 7.80 6.75
frame update time (ms) 33.31 22.36
memory usage (MiB) 124.84 95.62
memory high-water mark (MiB) 152.65 231.97
Marsh Market Scene
Two-level | Hybrid (Ours)
frame integration time (ms) 3.29 3.25
frame update time (ms) 39.17 11.68
memory usage (MiB) 3282.59 1938.81
memory high-water mark (MiB) | 3285.61 7131.22

We compared the two-level BVH structure to our hybrid BVH
structure across three scenes from "Zootopia 2", using several met-
rics. These scenes are representative of the scene as visible to artists
in a DCC viewport, but do not have the complete scene data that is
available during final frame rendering. Each scene is rendered at a
resolution of 2283 x 1215. "Frame integration time" represents the
path tracing portion of a single frame, excluding scene processing
(such as BVH updates) and post-processing (such as denoising).
"Frame update time" represents only the scene processing after the
DCC moves to a new frame. Memory usage and memory high-water
mark refer to the GPU memory used to store BVH-related data,
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including temporary memory required for a BVH build/refit, but
excluding independent copies of vertex and topology data.

4 Conclusions and Future Work

Our hybrid BVH maintains the scalability of a two-level BVH while
capturing the performance advantages of the Mega-BLAS. Our
artists report smoother workflows with fewer interruptions during
scene editing. While our approach increases GPU memory usage
and could eventually approach OptiX primitive limits for massive
geometry, these factors have not yet impeded us in practice.

Notably, our hybrid structure may incur a brief 1-frame delay
when an edit triggers a change-category shift. This delay is accept-
able for animation workflows, but may be less suitable for strict
real-time applications such as games or virtual production.

For future work, we are interested in further tempering the
disadvantages inherited from the Mega-BLAS. One interesting idea
is spatial segmentation; creating smaller, localized Mega-BLASes
could reduce memory overhead, minimize the 1-frame delay, and
help avoid primitive count limits; we have already explored this
idea with promising results in a predecessor to our hybrid system.

Currently, Mega-BLASes are restricted to meshes. All curves
(typically hair, curve-based garments [Lipson and Velasquez 2023;
Velasquez et al. 2022], or animated vegetation) default to a standard
two-level BVH. This avoids curve-merging challenges and provides
an effective performance fallback for non-static geometry spanning
large regions. While this approach works, improving curve handling
remains a high-priority research goal for our future development.
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